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Abstract: Faults can be either conduits or baffles for hydrocarbon flow. Assessing the sealing potential of faults plays a vital role in
reducing the risks associated with hydrocarbon exploration. The study area is located in Jherruck Block, Lower Indus Basin, Pakistan.
Several intervals within the Lower Goru Formation in Lower Indus Basin are proven hydrocarbon reservoirs. The main aim of the
study is to predict the cause of failure of 3 wells (Jherruck B-1, Jamali-1, and Jamali Deep-1), and to propose a new well location based
on juxtaposition analysis and shale gouge ratio (SGR). The Upper Sands (sandstone) of the Lower Goru Formation (A-Sand, B-Sand,
C-Sand, and D-Sand) have reservoir potential in the region including the Jherruck Block. These reservoir sands have been interpreted
in seismic sections to generate time and depth surface maps. Using depth surface maps, Allan diagrams have been constructed for
juxtaposition and shale gouge ratio analysis. The integration between juxtaposition and shale gouge ratio analysis suggested that the
main reason for the failure of these wells was sandstone to sandstone juxtapositions leading to updip hydrocarbon leakage to the
adjacent fault block. In addition to this, the shale gouge ratio indicated low shale gouge distribution in the fault zones. Allan diagram and
shale gouge ratio analyses helped us to propose a new well location further northwest of Jherruck B-1 well where sands are juxtaposed
against impermeable shale lithology of the Goru Formation and SGR ratio is above 80%.
Key words: Horst and graben, Lower Goru Formation, well failure, fault seal analysis, juxtaposition diagram, shale gouge ratio

1. Introduction
Faults play a vital role in facilitating or restricting the flow of
hydrocarbons within the reservoir. They are an important
part of the petroleum system and can significantly help
in the prospect evaluation of the exploration area (Berg
and Avery, 1995; Bouvier et al., 1989). As most of the
traps in the subsurface are associated with faults, it is
important to study the risks associated with them. Faults
can be categorised based on their sealing and leaking
capacity, especially in areas of extensional regime where
displacement is limited to the sand-sand juxtaposition that
can result in the flow of hydrocarbons out of the reservoir
(Doughty, 2003). Most widely used methods to estimate
the fault behaviour as “sealing” or “leaking” include the
preparation of juxtaposition diagrams and assessment
of membrane seal potential (Lindsey et al., 1993). Fault
sealing by juxtaposition can be predicted by mapping
the units across the fault plane. Impermeable lithology
juxtaposed against permeable lithology can be assumed to
act as a seal but in some areas, permeable lithologies are

often either self-juxtaposed or juxtaposed against other
permeable lithologies having low porosity, permeability,
and fault throw (Yielding et al., 1997).
The other important factor in addition to fault
juxtaposition of reservoir and seal units is the membrane
seal potential of the fault zone, which is associated with
clay gouge enrichment due to cataclasis and reworking of
the finer sediments in the fault zone. SGR estimates the
relative accumulation of phyllosilicates in the fault zone as
a function of the phyllosilicate content of the stratigraphic
column that is slipped past a point on the fault zone
(Lindsey et al., 1993).
The geophysical seismic method has been extensively
employed in hydrocarbon exploration by the petroleum
industry since the 1970s (Berg and Avery, 1995). Seismic
data provide the subsurface picture of complex structural
variations and have wide applications in structural
analysis. They are extensively used for evaluation of
pressure and sealing studies of faults (Lindsay et al., 1993).
Allan diagrams generated from seismic data interpretation
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play a vital role in predicting the sealing potential of faults
with careful identification of sealing and juxtaposition
(Yielding et al., 1997). SGRs in correlation with Allan
diagrams provide information on hydrocarbon movement
not only along fault planes but also across them (Gibson,
1994).
The study area is a part of the Lower Indus Basin and
is located in its south-eastern boundary which is an oilproducing basin in Pakistan (Figure 1). This study aims to
integrate juxtaposition diagrams and SGR studies in order
to identify any sand against sand juxtaposition in the area
using twenty 2D seismic lines and data from three wells.
In this oil-prone basin, possible reasons for well failures
have been identified that will further help propose a new
well location where chances of juxtaposition are negligible.
2. Geology and stratigraphy
Extending between latitudes 23°N and 28°N and longitudes
66°E and 72°E (Kadri, 1995; Kazmi and Jan, 1997), the
Lower Indus Basin is surrounded by the Indian shield
and the highly folded Axial Belt (Kirthar Fold Belt), to the
east and the west, respectively (Figure 1). Dabbo Creek
Anticline is present at the southern border of the Lower
Indus Basin and outlines the border with the Offshore
Indus Basin. Kutch Basin lies along the Nagar Parkar Fault,
which runs along the India-Pakistan international border
for almost 200 km from Karachi to the southeast (Jadoon
et al., 2020; Gong et al., 2020). The Jacobabad High defines
the northern boundary of the Lower Indus Basin, which
separates the Lower Indus Basin from the Central Indus
Basin (Kazmi and Jan, 1997).
Lying between latitudes 24°41’N and 25°10’N and
longitudes 68°10’E and 68°26’E, the research area is located
in Thatta district, Sindh Province, Lower Indus Basin. It
is bounded by the Karachi Depression to the north, the
Indian Kutch Basin to the east, the Arabian Sea to the
south, and the Sindh Monocline to the west (Wakefield
and Monteil, 2002). No particular imprints of geological
deformation are observed on the surface. The study area
is dominated by normal faulting and minor strike-slip
tectonics (Shah, 2009).
The Lower Indus Basin is composed of Cambrian to
Recent clastic and carbonates. Up to the Late Cretaceous
it was considered a passive margin that sutured between
the Indian Plate and the Afghan Block. Variations in
stratigraphic thicknesses are observed in the east-west
direction (Shah, 2009; Tahirkheli, 1979). The Precambrian
basement is exposed in the southeast part of the Lower
Indus Basin, and it is comprised of Triassic to recent rock
sequences (Shah, 2009). The Lower Goru Formation is
considered the well-known reservoir interval within the
Lower Indus Basin. The major lithology of the Lower
Goru Formation is sand and shale. Some minor amount of
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limestone and siltstone is also present. Shales interbedded
with sands act as seals of the reservoirs (Raza et al., 1989).
Hydrocarbon exploration and production companies have
used the following nomenclature for the rock formations
from top to bottom: Top Lower Goru (TLG), Turk Shale,
B-Sand, Badin Shale, C-Sand, Jhole Shale, D-Sand, Upper
Shale, Middle Sand, Lower Shale, Upper Basal Sand,
Talhar Shale and Lower Basal Sand (Aziz and Khan, 2003).
C-Sand, Middle Sand, Upper Basal, and Lower Basal sands
are the major hydrocarbon reservoirs in the basin (Kadri,
1995). The stratigraphic column of the Lower Indus Basin
is shown in Figure 2.
3. Data set and the method employed
For fault seal analysis, a stepwise procedure is adopted
that includes seismic data interpretation, generation of
time/depth surfaces, generation of Allan diagram, and
calculation of shale gouge ratio. The generalized workflow
is presented in Figure 3.
3.1. Seismic interpretation
The aim of seismic interpretation is to identify and mark
horizons of interest, their depth, faults present, and
the crest of the fault-bounded structures to be drilled
for exploration. The interpretation mainly relies on
identifying the reflections from interfaces and placing
them to their true subsurface positions (depth) and
correlating the results with already drilled well data for
validating and enhancing the interpretation procedure
(Shah and Abdullah, 2017). In this study, a total of twenty
2D post stack time migrated seismic lines (15 dip, 5 strikeoriented) and three wells have been used.
A synthetic seismogram has been generated for
seismic to well tie by using sonic and density logs of
Jherruck B-1 well (Figure 4). It is generated by utilizing the
convolution model which states that the earth reflectivity
series convolved with the estimated wavelet to create the
synthetic seismic trace (St) (Cooke and Cant, 2010; Barclay
et al., 2008), which can be expressed as:
St = Wt*R + N
(1)
where, Wt is the extracted statistical wavelet, R is the
reflection coefficient (RC) series and N is the random
noise. RC for 1-D synthetic is estimated by using following
relation:		

RC =

AI! − AI"
AI! + AI"

(2)

where AI1 and AI2 are the acoustic impedances (product of
velocity and
of 1st and 2nd layers of interface (Kearey
𝑉𝑉 ∗ density)
𝑇𝑇
𝑆𝑆 =2013). Marked horizons have been interpreted by
et al.,
2
using synthetic seismogram and stratigraphic column of
the study area
(Table).
(𝑡𝑡#$.
𝑉𝑉#$" ) + (𝑡𝑡##. 𝑉𝑉#$! )
SGR =
× 100%
𝐿𝐿
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Figure 1. a) Location map of study area (modified after Kazmi and Rana, 1982), b) generalized tectonic map indicating the structural
AI! et−al.,
AI"2020), c) base map showing orientation of
setting of the study area with adjoining regions in the Lower Indus Basin (Jadoon
RC =
seismic lines and wells.
AI + AI
!

3.2. Time and depth structure maps
Time structure maps have been generated by marking
horizons of interest on seismic sections, and they have
been converted to depth by using velocity data. The
conversion of time structure map to depth structure map
has been carried out by using time-depth pair given at a
well location by using the basic relation:

𝑆𝑆 =

𝑉𝑉 ∗ 𝑇𝑇
2

"

(3)

where, S is the
distance,
and T is the travel
(𝑡𝑡#$.
)
𝑉𝑉#$" ) +V(𝑡𝑡is##.the
𝑉𝑉#$!velocity,
SGR
= velocity information for
× 100%
time.
Seismic
the whole cube was
𝐿𝐿
not available, thus velocity model is generated by using
time surfaces of all horizons, well tops from VSP data of
two wells i.e. Jherruck B-1 and Jamali deep-1.
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Figure 2. Generalized stratigraphic column of study area in Lower Indus Basin, Pakistan (modified after Shah, 2009).

The time maps of horizons S and A, B, C, and D have
been converted to depth maps. These time and depth
surfaces indicate the subsurface structural and stratigraphic
variations throughout the study area and delineate the
suitable locations for well placement. Different normal
faults with variable throws have also been identified on
seismic sections.
3.3. Allan diagram and shale gouge ratio
In order to construct an Allan diagram, all horizons
interpreted in the hanging and footwall blocks of a fault
are superimposed on the fault plane, by which the zones
where porous and permeable lithologies superimpose
against each other can easily be highlighted and fault
seal analysis can be performed (Allan, 1989). The basic
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requirement for the generation of these diagrams is the
depth surfaces of the interpreted horizons. In the study
area, the juxtaposition has been analyzed along the
two faults namely Fault-1 and Fault-2 because of good
contour closure and due to the reason that previous wells
were drilled along these faults. Interpreted horizons and
their corresponding surfaces have been used to generate
Allan diagrams. When contacts of different surfaces are
superimposed along a fault plane, the fault will act as a
conduit entity if reservoir quality sand bodies of footwall
juxtapose against the sand bodies in the hanging wall as
fluid will migrate through porous and permeable media
instead of being trapped in the fault-bounded geological
structure.

NAWAZ et al. / Turkish J Earth Sci

Figure 3. Generalised workflow for fault seal analysis.

Higher values of SGR are associated with greater fault
seal potential. If the throw of the fault is greater than the
bed thickness, then that zone is considered eligible for the
calculation of SGR (Knipe, 1997). According to Yielding
et al. (1997), if SGR < 20% (or a ratio of < 0.2) the sealing
property of the fault can be considered unlikely. If SGR
ranges between 20%–40% then the fault impeding the
hydrocarbon flow is considered as poor seal. For SGR
ranging between 40%–60% fault acts as a moderate seal.
Fault acts as a sealing entity if SGR > 60%. The porosity
and permeability in a fault gouge decrease with an
increasing amount of gouge corresponding to mudstones
incorporated into the fault. Various parameters were
proposed to estimate the amount of muddy fault smears
on the basis of observed distributions of mudstones within

RC =

AI! − AI"
AI! + AI"

the fault zones. The SGR devised by Yielding et al. (1997) is
commonly used for phyllosilicate-rich strata. It is defined
𝑉𝑉 ∗ 𝑇𝑇
as the
𝑆𝑆 =ratio between the throw of the fault and the total
2 mudstones within the throw.
thickness of

(𝑡𝑡#$. 𝑉𝑉#$" ) + (𝑡𝑡##. 𝑉𝑉#$! )
(4)
× 100%
𝐿𝐿
where, SGR is shale gouge ratio in percent, L is the
throw in meters, tsh is the thickness of shale layer, tss is
the thickness of sand layer, Vsh1 represents phyllosilicate
content of the shale layer, and Vsh2 is the phyllosilicate
content of the sandstone layer respectively.
The SGR includes two factors that correlate with
fault seal: the lithology of faulted strata and the amount
of displacement. Thus, SGR is an efficient parameter in
SGR =
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Figure 4. Synthetic seismogram of Jherruck B-1 well indicating different horizons.
Table. Interpreted horizons on seismic and their associated colors.
Horizon name

Horizon color

Horizon name

Khadro

Middle Sand

Parh

Upper Basal Sand

A-Sand

Lower Basal Sand

B-Sand

Sembar

C-Sand

Chiltan

Horizon color

D-Sand

evaluating the tendency of the fault to be gouged. Mudstone
thickness data come from gamma ray log analysis near the
fault zones. The depth difference between the foot and
hanging wall for each horizon defines the fault throw for
that horizon, which is used to interpolate the throw at the
fault grid points (Gibson, 1994).
4. Results and discussion
The targeted horizons have been interpreted on seismic
lines NJ08-14 and NJ08-22 (Figure 5a and 5b), which are
dip lines extending in NE-SW direction. The dip lines
in this block are perpendicular to the major structures
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present in the subsurface. Jherruck B-1 targeted the Upper
Sands i.e. A-Sand, B-Sand, C-Sand, and D-Sand within the
hanging wall block, which forms a closure along Fault-2.
Fault-2 has a minor throw and dips in the NE direction
(Figures 5a and 5b).
4.1. Time and depth structure maps
Figures 6, 7, 8, and 9 show the time and depth structure
maps of the upper sands. A total of 11 faults are observed
in these maps among which Fault 1 and Fault 2 are of
primary focus as two out of three dry wells were drilled
along these faults.

NAWAZ et al. / Turkish J Earth Sci

Figure 5. Interpreted seismic sections a) Line NJ08-14 and b) Line NJ08-22, both sections are indicating a good fault bound structure
for upper sands.

The time and depth maps in Figure 6a and 6b show the
structural variations in A-Sand. An increase in time and
depth values are observed in central part of the surfaces
while they display a decreasing trend towards the NE
and SW. Fault 1 and Fault 2 separate the horst structure
from the graben on both sides across these faults. Similar
structural variations in B-sand are observed in the maps
(Figure 7).
Like the previous maps, the time and depth structure
maps for C and D-Sand intervals display higher values

towards the center, north and south of the study area
whereas structural highs are indicated towards the east
and western part of the study area (Figure 8, 9). It is
imperative from these figures that the wells were drilled on
ideal locations at structural highs but still failed to produce
which required the further need of fault juxtaposition
analysis.
Upper sands which include A, B, C and D-sands are
the main reservoirs, which makes a structural closure on
horst block in the region, and proposed well targeted these
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Figure 6. a) Time and b) depth map for Sand A.

Figure 7. a) Time and b) depth map for Sand B.
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Figure 8. a) Time and b) depth map for Sand C.

Figure 9. a) Time and b) depth map for Sand D.
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Figure 10. Allan diagram of upper sands (A-Sand, B-Sand, C-Sand, and D-Sand) across Fault-2 indicating the
juxtaposition of the sands.

Figure 11. Allan diagram of upper sands (A-Sand, B-Sand, C-Sand, and D-Sand) across Fault-1.
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Figure 12. Shale gouge ratio map showing high values at proposed well location.
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upper sands, which lie between Fault-1 and Fault-2 on
seismic line NJ08-22 in northwest side of the study area
(Figure 5b). However, Jherruck B-1 was drilled on seismic
line NJ08-14 assuming that crest of the structural closure
was along Fault-2 (Figure 5a).
4.2. Allan diagram
For juxtaposition analysis, Allan diagrams have been
prepared across the Fault-2 (Figure 10) and Fault-1bounded prospect (Figure 11). Fault-2 steeply dips
towards the NE with a negligible throw, which ranges
between 0 to 10 m along the fault strike (Figures 5a and
5b). Jherruck B-1 well was drilled on the structural high
and targeted the upper sands (A-Sand, B-Sand, C-Sand,
and D-Sand), which are bounded by Fault-2. Although
the structure closes against this fault (Figures 6 to 9) the
Allan diagram shows that all upper sands targeted by
Jherruck B-1 well are self-juxtaposed due to very little
throw (Figure 10). It is, therefore, interpreted that there
is no possibility for the hydrocarbons to accumulate along
Fault-2 and all hydrocarbons might have migrated updip
towards the shallower structural crest bounded by Fault-1.
Fault-1, on the other hand, might have sealed the upper
sands because Allan diagram shows that the upper sands
are juxtaposed against the shaley Upper Goru Formation,
which might have acted as a fluid movement barrier due
to its impermeable behavior or lack of closure and not
allowed further migration of hydrocarbon across the
Fault-1 (Figure 11). Time and depth maps of the upper
sands (Figures 6 to 9) also show that the structure closes
along the same location in seismic line NJ08-22 (Figure
5b).
4.3. Shale gouge ratio
Figure 12 shows the SGR map generated using fault throw
and gamma ray log data from Jherruck B-1 and Jamali
Deep-1 wells. In the figure, the SGR value is around 30%
where Jherruck B-1 well was drilled indicating negligible
sealing behavior for Fault-2. For Jamali Deep-1 well, the
similar problem exists as the SGR value for Fault-2 around
the well ranges between 70%–75% indicating the seal to
be poor. On the other hand, the SGR value increases up to
90% at the proposed well location and is considered to be
excellent across Fault-1. It is interpreted that hydrocarbons

are expected to be trapped at this location where further
migration across the fault is prevented.
5. Conclusions
This study indicates significant results that may help to
explain the failure of the two wells drilled in this area. It is
revealed that Fault-1 is the main sealing fault that formed
the structure. Jherruck B-1 well was drilled on the crest
of the structure bounded by Fault-2, and all upper sand
intervals are self-juxtaposed resulting in the failure of
Jherruck B-1 well. The Allan diagram shows that Fault-1
has greater sealing potential than Fault-2 due to structural
closure and larger throw. The SGR results indicate lower
percentages towards the Jherruck B-1 and Jamali-1 well
demonstrating the seal to be poor.
The integration and correlation at regional level of
depth surfaces, Allan diagram and SGR may suggest that
the migration of hydrocarbons occurred in spiral staircase
style, allowing dip leakage by cross leakage back and forth
across the fault in the study area, thus sands are charged
and trap some finite column of hydrocarbons while the
excess spills up the fault as long as cross leakage occurs.
The process stops when the hydrocarbons encounter
the cross-sealing fault which is a location at seismic line
NJ08-22, where a new well has been proposed. Depth
structure maps of upper sands also confirm the structural
presence. Allan diagram shows a positive sealing behavior
at this location where upper sands are juxtaposed against
the shale rich Upper Goru Formation and SGR value is
around 80%. Therefore, we conclude that the proposed
well location will be significant to drill for a prospective
resource through adopted approach in combination with
economical and volumetric estimation of the upper sands.
Lower sands, on the other hand, have no closure in the
study area.
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